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INTRODUCTION
After the Dutch physician Eijkman discovered in 1890
that polished rice was the cause of polyneuritis in birds
and of beriberi in men, Grijns in 1901 stated that these
diseases were the result of a "partial hunger," a deficiency
of some unknown substance that is present in very small
quantities in the outer layers of the rice (1).
Another ten years elapsed before Funk gave the name of
"vitamine," an amine essential for life, to the substance
whose absence from foodstuffs was responsible for the development of polyneuritis (2).

Since it was shown subsequently

that several "vitamines" were not amines at all, Drummond (3)
proposed that the final "e" of the name "vitamine" be dropped.

As years went by, the substance connected with poly-

neuritis has been called:

vitamine B, vitamin B1 , oryzanine,

torulin, polyneuramin, vitamin F, antineuritic vitamin, antiberiberi vitamin and aneurin(e).

These names now have been

superseded almost universally by thiamin (4) in this country
and aneurin in Europe.
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Thiamin was first isolated by Jansen and Donath in
1926 as an essentially pure, crystalline compound (5).
Williams and collaborators (6) were mainly responsible for
the elucidation of the structure of thiamin (1934-1936).
This was quickly followed by a successful synthesis confirming the structure by Williams and Cline in 1937 (7).
The early fundamental work (1930-1940) of Peters and
co-workers (8-10) indicated that thiamin plays a fundamental
role in carbohydrate metabolism.

The work of Loehmann and

Schuster (11) demonstrated that the coenzyme often known as

cocarboxylase was thiamin diphosphate (TDP) 1 •

After these

basic facts were established, considerable effort was directed toward elucidation of the role of TDP in enzyme systems and metabolic processes.

It is now recognized that thi-

amin as TDP serves as the coenzyme in the transketolase system and in enzyme systems catalyzing the decarboxylation of
pyruvic acid, o(-ketoglutara te, as well as other o(-keto
acids.
1 The following abbreviations will be used in this dissertation: TDP for thiamin diphosphate, TMP for thiamin
monophosphate, TTP for thiamin triphosphate, ATP for adenosine triphosphate, NADH for reduced nicotinamide adenine dinucleotide, o<:-GDH/TIM for o<-glycerophosphate dehydrogenasetriose phosphate isomerase, and DEAE-cellulose for
diethylaminoethyl-cellulose.
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The principal form of thiamin in rat tissues is the
diphosphate ester, which represents an average of about 80%
of the total thiamin present.

The remainder consists of

free thiamin, TMP and TTP (12).
Japanese and Italian investigators (13-18) performed
some interesting studies concerned with the effect of sound
stimulation on the levels of total thiamin and its phosphate
esters in rat tissues.

Koyanagi et al. (13,14) and Kato

(17) observed a decrease of thiamin levels in brain and
liver, while Perri et al. (15,16) could not find any change
in the same tissues.

The conclusions drawn from these stu-

dies were not in agreement.

It was also reported (19) that

swimming at 28-30° caused the level of the phosphorylated
thiamins in rat liver to decrease.

The starvation and the

temperature employed in the experiment instead of the swimming itself, might have made the principal contribution to
this change.

Gurtner (20,21) found that in vitro stimula-

tion of the peripheral nerve was paralleled by a decrease
of TDP and, to a minor degree, of TTP in the nerve and to
an increase of TMP and free thiamin in the medium.

Itokawa

and Cooper (22) observed a similar dephosphorylation pattern
of the thiamin compounds when a sciatic nerve was perfused
in a medium containing neuroactive drugs.

It is suggested
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that the liberation of free thiamin connected with the above
nerve experiments was the result of a hydrolytic cleavage
of higher phosphate esters (22,23).
There was no adequate understanding of the stress effect on the levels of TDP and the other forms of thiamin
when this research was initiated.

The TDP levels had not

been determined enzymatically under these conditions.

Such

studies would be important since this is the only form active as the coenzyme.
The information mentioned above served as a basis for
the design of the present investigation to further study
the correlation between various stresses and a possible hydrolytic cleavage of TDP in rat tissues. In addition to
physical exercise (swimming) and sound stimulation, paradoxical sleep deprivation and emotional stress (24), were
also added in this study.

Total thiamin and TDP levels in

brain and liver were determined.

The results obtained under

conditions of stress were compared with those of comparable
pair-fed controls.

LITERATURE REVIEW
Nomenclature
In 1912 Funk (2) put forward the theory that not
only beriberi, but also scurvy and some other diseases
were due to the lack of certain unknown factors from the
diet.

He coined the word "vitamine" to describe the un-

known substances responsible for curing deficiency dieases.

It was known by 1920 that only a few "vitamines"

were amines.

Drummond (3), then, proposed that the name

should be designated "vitamin."
For years the term antineuritic or antiberiberi vitamin had been used to designate the substance whose abse nce
from foodstuff was responsible for the development of polyneuritis.

The further development of the vitamin terminolo-

gy has unfortunately resulted in illogical nomenclatures,
oryzanine (25), torulin (26), vitamin F (27), polyneuramin
(28), and vitamin B1 (29), which can only be understood in
the context of their histoical developments.

In 1935 Jansen

(30) suggested for pure vitamin B1 the name aneurin(e), a
word derived from a(nti-poly)-neur(itis vitam)in.

As a well
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deserved mark of respect for Jansen, the term aneurin(e) is
still used extensively in England and continental Europe.
Williams (31) proposed the name, thiamin, based on the chemical structure.
In 1960 the definitive rules for the nomenclature of
vitamins were published by the Commission on the Nomenclature of Biological Chemistry with the approval of the Council of the International Union of Pure and Applied Chemistry
(32).

It reads as follows:
V-5
"The substance hitherto known as vitamin B1 , aneurin(e)

or thiamine shall be designated thiamine."

In 1965 the rule

mentioned above was revised by the Commission (33) as follows:
M-5 (replacing V-5)
"The cation VII, 3-(4-amino-2-methylpyrimidin-5-ylmethyl)-5-(2-hydroxyethyl)-4-methylthiazolium, also known
as vitamin B1 , aneurin(e) or thiamine, should be designated
thiamin."

7

( V 11)
History
The conquest of beriberi started from 1882, when
Takaki (34), a Japanese admiral, eliminated beriberi from
the Japanese navy by supplementing the diet, which consisted
mainly of rice, with fish, meat, vegetables and barley.

In

1897 Eijkman (35) produced in fowls a paralytic condition,
polyneuritis gallinarum, which closely resembled beriberi
in its polyneuritic symptoms.

He achieved this by feeding

them a diet consisting exclusively of polished rice and succeeded in eradicating the disease by dietary means.

In 1901

Grijns (1) suggested that both beriberi and avian polyneuritis were caused by a nutritional deficiency.

In 1911 Funk

(2,36) erroneously thought that he had obtained the substance from rice polishings which was capable of curing in
pigeons polyneuritis induced by a diet of polished rice.

In

1926 Jansen and Donath (5) isolated the vitamin in a crystalline form from rice bran.

In 1932 Windaus et al. (37)
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isolated thiamin from yeast and established its correct
empirical formula.

In 1936 Williams (6) reported the cor-

rect structural formula of thiamin.

This was immediately

followed by the first successful synthesis by Williams and
Cline (7).

In 1937 Loehmann and Schuster (11) isolated pure,

crystalline cocarboxylase from yeast and identified it as
TDP and the coenzyme for pyruvate decarboxylase.
Properties of Thiamin and
Its Phosphate Esters
The ultraviolet absorption spectrum of thiamin shows
two bands in neutral solution (4) at 233 mu and 267 mu,
respectively, the shorter wavelength peak being the more
intense of the two.

Thiamin also has a characteristic ab-

sorption spectrum in acid solution (below pH 3), with a maximum at 247 mu (38).

Holiday (39) showed that the absorp-

tion spectrum of thiamin is a function of pH.

The pyrimi-

dine component of thiamin (40) is responsible for the variation in absorption with pH.

The ultraviolet spectra of TMP,

TDP, and TTP are nearly identical with that of thiamin itself (41,42).
Thiamin is quite stable in strongly acidic solutions.
Pure thiamin-HCl in an aqueous solution at pH 3.5, can be
heated to 120° without any decomposition.

In weak acid
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solutions, however, the molecule decomposes. At pH 5-6
thiamin undergoes a cleavage, and loses its activity. Thiamin is very sensitive to alkali.

In solution at a pH

above 7 it is destroyed at room temperature due to the
opening of the thiazole ring (43).

The destruction of

thiamin by heat is a function of time, temperature, pH,
and the presence of electrolytes (44).

The rate of des-

truction also relies on the initial concentration of thiamin, being higher the more concentrated the solution, irrespective of the nature of the buffer solution (45).
TDP is more stable than thiamin when the two are compared at the same pH values (44,46) but is much more sensitive to change of pH (47).

The rate of thermal destruction

of TDP, like that of thiamin, is higher the greater the initial concentration (45).
Synthesis of TDP by Thiamin
Pyrophosphokinase
The formation of TDP from thiamin is catalyzed by
thiamin pyrophosphokinase in the presence of ATP and Mg
(II) ions.

This reaction was first observed in extracts

from rat liver by von Euler and Vestin (48) and in brain
brei from thiamin-deficient pigeons (49).

Using a cell-

free protein preparation from yeast, Weil-Malherbe (SO)
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demonstrated a direct pyrophosphate transfer from ATP to
thiamin in the above reaction.

Thiamin pyrophosphokinase

has been purified from yeast (50-53), liver (54,55) and
brain (56,57).
In brain, liver, and other tissues of pigeons and rats,
the TDP level has been reported to decrease remarkably by
restricted thiamin intake (58,59).

This decrease indicated

that a steady influx of thiamin into the cell is necessary
to maintain normal TDP levels.

A significant decrease of the

TDP content in brain, liver, and other tissues in pigeons,
mice, and rats has also been observed after treatment with
pyrithiamin, when pyrithiamin and thiamin were simultaneously administered daily until severe neurological symptoms appeared (21, 51,60-62).

A transitory decrease of TDP from the

livers of mice was observed after only one day of such treatment.

Several days later the liver TDP levels were similar

to those in the control mice.

Oxythiamin lowered the level

of TDP in heart and breast muscle of pigeons (63) and the liver TDP content in mice and rats (21, 60, 64), but did not
affect the TDP level in the brain.

In the brain lack of an

effect due to oxythiamin on the TDP level can be explained,
on the basis that oxythiamin does not penetrate in significant amounts (65).
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When rats were fed a thiamin-deficient diet with a
single injection of one mg pyrithiamin, Rindi et al. (66)
demonstrated a progressive accumulation of pyrithiamin in
brain.

However, the other tissues showed a gradual de-

crease of pyrithiamin after initial high levels.

In con-

trast, the brain was unable to take up 14 c~oxythiamin in
thiamin-deficient rats (67).

However, both 14c-oxythia-

min mono- and diphosphate were found in heart and liver.
Pyrithiamin probably acts by inhibiting the synthesis of TDP from thiamin in tissues.

The free thiamin is

then more rapidly metabolized and excreted.

Oxythiamin,

on the other hand, probably acts as a very weak antagonist of thiamin pyrophosphokinase in both brain and liver,
but is itself readily phosphorylated to oxythiamin diphosphate in which form it is a potent inhibitor of the oxidative decarboxylation of the o(-keto acids and of the
transketolase reaction (56, 57, 68, 69).
A difference in sensitivity of the brain and liver
enzymes toward thiamin may be suggested from the findings
of Ochoa and Peters (58) with pigeons.

They found that the

brain was capable of concentrating thiamin more than the
liver when relatively small amounts of thiamin were given
to polyneuritic pigeons.

Salcedo et al. (70) showed that
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the brain retained thiamin and the phosphate esters longer
than liver, heart, and kidney in thiamin-deficient rats.
Hydrolysis of TDP by Thiamin
Pyrophosphatase
The dephosphorylation of TDP in brain tissue was
first observed by Ochoa (71).

Thiamin pyrophosphatase, an

enzyme catalyzing the hydrolysis of TDP to TMP and inorganic
phosphate, was partially purified from animal tissues (7274).

The enzyme activity depended on the presence of a

divalent cation such as Mg (II) or Mn (II) as an activator,
ATP also stimulated the enzyme activity without a decrease
in its concentration during the reaction (74).

The enzyme

level in liver, muscle, or brain was not changed in thiamindeficient or pyrithiamin-treated rats (75).
Gurtner (20, 21) found changes in the relative concentrations of thiamin and the phosphate esters in stimulated or unstimulated rat nerves.

The relative concen-

tration of TDP was decreased from 60.4% in the unstimulated
nerve to 23.1% in the stimulated nerve, and the thiamin,
TMP, and TTP concentrations changed from 3.4, 29, and 7.2%
to 11.3, 63.5, and 2.1%, respectively, after stimulation.
As shown above, a decrease of TDP and, to a minor degree,
of TTP is corresponding to an increase of TMP and free
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thiamin in the medium after stimulation.

No evidence was

found that thiamin is split into its two components, pyrimidine and thiazole after stimulation.
Von Muralt (23) suggested from the above findings
that the liberation of free thiamin connected with the excitation of peripheral nerves was the result of a hydrolytic cleavage of higher phosphate esters.

The similar de-

phosphorylation pattern of TDP and TTP was also observed
by Itokawa and Cooper (22) when a sciatic nerve was perfused in a medium containing neuroactive drugs such as acetylcholine and tetrodotoxin.
Role of Thiamin Diphosphate
Following the discovery of Loehmann and Schuster (11)
that TDP was the coenzyme for yeast pyruvate decarboxylase,
considerable effort was made to elucidate its function in
carbohydrate metabolism.

It is now established that TDP

is the coenzyme for pyruvate dehydrogenase, reaction 1 (49,
76, 77):
(76, 77):

for Cl(-ketoglutarate dehydrogenase, reaction 2
for transketolase, reaction 3 (78, 79):

phosphoketolase, reaction 4 (80-82):
dehydrogenase, reaction 5 (83, 84).

for

and for glyoxylic acid
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Pyruvate + CoASH + NAD+

TDP, Mg++
Lip S2

Acetyl-SCoA + NADH +CO 2 + H+

(1)

~-Ketoglutarate + CoASH + NAD+

TDP, Mg~
Lip S2

Succinyl-SCoA +CO2+ NADH +

W

(2)

TDP, Mg++_

D-Ribose-5-P + D-Xylulose-5-P

D-Sedoheptulose-7-P + D-Glyceraldehyde-3-P
D-Xylulose-5-P + Pi

TDP

D-Glyceraldehyde-3-P + Acetyl-P
Glyoxylic acid

(3)

TDP, Mn++
NAD+, L-Glutamate

...

Formate+ CO2

(4)

(5)

The thiamin-requiring enzymes mentioned above catalyze basically similar reactions, in which a carbon-tocarbon bond immediately adjacent to a carbonyl group is
broken, followed by a condensation of a part of the cleaved
substrate (associated with TDP) with an acceptor to form
the product.

The exact nature of the binding of TDP to the

enzymes is not presently known, but it is not a covalent
bond.

The divalent cations appear to be invol~ somehow in

the binding of TDP to the enzymes (85).
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The Levels of the Total Thiamin and
TDP in Rat Brain and Liver
Various values for the total thiamin and TDP level in
rat brain and liver have been reported in the literature.
The values are shown in Table 1.
Stress
An emphasis on adrenal gland measurements is based
on the general reactivity of the adrenal cortex to "stress."
The weight of the adrenal glands, however, is an indirect
index of adrenal cortical activity.

A number of researchers

have shown that when animals are expo·sed to stressful or
novel stimuli, there is an increased secretion of adrenal
steroids.

The major steroid produced by the adrenal cortex

of rats and mice in response to environmental stimulation
is corticosterone (91, 92).
According to Golikov et al. (93) immobilization stress
lasting 2 to 48 hours caused an increase in the weight of
adrenal glands in rats.

This increase in the adrenal

weights paralleled increasing stress conditions, but did not
correlate with the corticosterone secretion.
Koyanagi et al. (13, 14) showed that sonic stimulation (10 second or 30 second bell-ringing every six and

16
TABLE 1
THE LEVELS OF THE TOTAL THIAMIN AND
TDP IN RAT BRAIN AND LIVER
Brain
Reference

Total
TDP
Thiamin
(ug/g Wet tissue)

Rindi and
de Giuseppe (12)

3.21

Dreyfus (86)

2.2 to
6.0

Morita et al.
(87)

3.18 to
3.38

Westenbrink
et al. (88)
et al.
Boffi (89)
Kiessling (90)

Liver

2.61

. .
·•'

.

Total
TDP
Thiamin
(ug/g Wet tissue)
8.63
2.8 to
14.0
10.13 to
10.97

..

3.0

...

. . .

2.8

. . .

..

2.70

. ..

.

.

6.81

. . .
. .

.

7.0 to
13.0
6.7
5.88

The numbers given in parenthesis refer to the number
of the references in the list of references.
one-half minutes or five minutes for three hours) caused
significant decreases in the thiamin contents in brain and
liver of rats and brain of mice compared with control animals.

However, Perri et al. (15, 16) were not able to
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repeat the results of Koyanagi et al.

Similarly, the change

in thiamin contents of urine and various organs were examined by Kato (17), when a strong sound stimulation (sound
of 3,000 cycles/second intensity= 115 phons within one
meter consecutively for eight hours per day) was given consecutively for a month to albino rats.

Total thiamin in-

cluding its phosphate esters in brain was markedly decreased
to the same extent after two and five day treatments.

Simi-

lar patterns were observed in liver after two and fourteen
day treatments.

However, a decrease in the level of the

total thiamin and its phosphate esters in liver but not in
brain was observed when Inden (18) repeated a similar experiment.
During sleep in mammals the brain (94) successively
passes through two states which can be recognized very
easily by the application of polygraphic techniques with
electrodes permanently implanted in the brain.

The first

state has been called slow-wave sleep and non-rapid-eye
movement or non-REM sleep.

In this state the animal has a

posture characteristic of sleep, its eyes are closed, and
the pupils are myotic.

A degree of postural tonus always

remains in some muscle groups of the body (including those
of t he neck).

The electrical activity of the cortex is
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characterized by spindles and slow waves.

After a time

this state is followed by a totally different state referred to as paradoxical sleep, rapid-eye-movement or REM
sleep, and dreaming or D-state sleep.
Paradoxical sleep has been shown to be absent in fish
(95), probably absent in reptiles (96), present but very
short-lived in birds (97), and present in every mammalian
form studied up to now, from the opposum (98) to the elephant (99) and, of course, man (100).

The percentage of

paradoxical sleep time to total sleep time is 17.3 in rat
according to Mark et al. (101).

Prolonged deprivation of

paradoxical sleep is associated with neurophysiological and
behavioral changes (24).

- -

Mark et al. also showed that with-

in four days of paradoxical sleep deprivation, there was a
significant (p<0.01) increase in the weight of adrenals
(27.75 ± 3.16 in mg) compared to pair-fed control animals
(23.33 ± 3.25 in mg).
In a study by Barchas et al. (102) rats were forced
to swim to exhaustion in water at 15° by a total sustained
effort of 15 to 30 minutes.

When the water was 23°, swim-

ming to exhaustion required four to six hours of periodic
swimming and floating followed by a sustained and enfeebled
struggle against drowning.

Rats, upon removal from a cold
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swim, exhibited sporadic uncoordinated activity and exhaustion.

After two hours they had begun to sustain a few

brief periods of coordinated activity such as grooming, and
after four to six hours they appeared to be normal.

A simi-

lar sequence of changes in behavior was observed with rats
permitted to recover from a four to six hour swim at 23°.
The investigation of Nikonova (19) showed that three
hours of swimming at 28-30° caused a drop in the phosphorylated thiamin content in the liver of rats.
tion of free thiamin remained unchanged.

The concentra-

No thiamin changes

were noted in the brain, kidney, or triceps muscle.

Simi-

larly, Bialecki et al. (103) determined thiamin microbiologically in livers of rats sacrificed after a single acute
effort (swimming for four hours) and after a prolonged effort (the same swimming test applied for ten consecutive
days).

The following values of thiamin in ug/g liver were

reported:

5.42 for control rats, 5.22 for the four hour

swimming group, and 4.22 for the ten consecutive day swimming group.

Eranko et al.

(104) found that long-term swim-

ming did not affect the rate of growth in the experimental
groups as compared with the normal controls.

There was a

significant increase in the adrenal weight, which was mainly
caused by an increase in the cortical weight.

MATERIALS AND EQUIPMENT
Materials
Thiamin chloride hydrochloride, thiamin pyrophosphate chloride, D-ribose-5-phosphate, / -dihydronicotinamide adenine dinucleotide, adenosine-5'-triphosphate, and
cx-glycerophosphate dehydrogenase-triose phosphate isomerase
were obtained from Sigma Chemical Company, St. Louis, Mo.
Anion exchange cellulose, Cellex-D (DEAE-cellulose), BioRad analytical reagent grade cation exchange resin, BioRex 70, sodium form, and glycylglycine (grade A) were obtained from Calbiochem, Los Angeles, Calif.
Takadiastase, Aspergillus Oryzae enzyme was obtained
from Parke, Davis and Company, Detroit, Mich.
Dried brewer's yeast for enzyme work, Saccharomyces
carlsbergensis strain, was obtained from Anheuser-Busch,
Inc., St. Louis, Mo.

It was stored at -20° on arrival,

and before use it was ground in a Waring blender.
Rats were obtained from Sprague-Dawley, Inc., Madison,
Wis. and Geneva Mott, Salt Lake City, Utah.

Purina rat chow

was obtained from Ralston Purina Company, St. Louis, Mo.
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Deionized water was used throughout the experiments.
The salt concentration did not exceed two parts per million.
Deionized water was prepared by using a tap water deionizer,
installed by Continental Deionized Water Service, Salt Lake
City, Utah
Equipment
A Beckman DB-G grating spectrophotometer, attached to
a Linear/Log Varicord Model 43 Recorder, was used for measuring the level of TDP in tissues, the rates of the enzyme reactions, and protein concentration determinations.

Water

at 37° or 25° was circulated through the thermospacers surrounding the cell compartment of the spectrophotometer.
Paper electrophoresis was used for the analysis of
thiamin diphosphate solutions, using a Spinco Model R Paper
Electrophoresis System with a Beckman Spinco Duostat regulated D.C. power supply.

The electropherogram was examined

with a Model C-5 Chromato-Vue Cabinet under either a long
or a short wavelength U.V. lamp, manufactured by UltraViolet Products, Inc., San Gabriel, Calif.
A Turner Model 111 fluorometer, manufactured by G.
K. Turner Associates, Palo Alto, Calif., was utilized for
the determination of the total thiamin level in tissues.
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A Servall automatic refrigerated centrifuge, Model
RC-2 manufactured by Ivan Sorvall, Inc., Norwalk, Conn.
was used.
A Dubnoff metabolic shaking incubator, made by Precision Scientific Co., Chicago, Ill., was used for the incubation of reaction mixtures at the desired temperature.
The pH of solutions was determined with a Corning
Model 12 Research pH meter.

Weighings were made on a Met-

tler semi-micro analytical balance, Model BG, made by the
Mettler Instrument Corp., Hightstown, N.J.
An all-glass Thomas tissue grinder with a teflon pestle, manufactured by Arthur H. Thomas Co., Philadelphia,
Penn., was used for homogenation of tissues in a ice-jacket.
An Adaptahorn was used for the noise stress experiments.

It was installed in a well-insulated sound box, and

was a Grille type, made by Edward Co., Inc., Norwalk, Conn.

EXPERIMENTAL PROCEDURES
Preparation of Ribose Phosphate Isomerase
and Xylulose Phosphate Epimerase
This preparation is based primarily on the method
described by Ashwell and Hickman (105).
beef spleens the larger blood

From four fresh

vessels and the splenic

membranes were removed and then cut into small pieces and
divided into about 100 g portions.
of about 1,500 g) were kept at

-zo

These portions (total
0

for several hours.

Each 100 g portion was homogenized for one minute in a
Waring blender with 400 ml of acetone previously chilled to
a

-zo

0
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The homogenate was filtered and the residue dried

by suction with air.

The residues from two such filtrations

were combined and reextracted with another 400 ml of acetone
at -12° for 30 seconds, filtered, and dried by suction with
air as above.

A powder was obtained by passing the dried

material through a fine aluminum window screen mesh.

This

was allowed to dry for two days at room temperature.

The

dried powder (300g) was stored in a tightly stoppered bottle at 2-5° until used.

For use about 40 g of the acetone

powder were stirred mechanically in 160 ml of deionized

24

water for ten minutes and centrifuged at 6,000 x g for
twenty minutes at room temperature.

The supernatant sol-

ution (67 ml) containing phosphoribose isomerase, epimerase, and transketolase was made 50% saturated by the addition of the 19.6 g of solid ammonium sulfate and was allowed to settle for thirty minutes in a salt-ice bath.
The heavy precipitate collected by centrifugation at 16,000
x g for twenty minutes at o0 was dissolved in 74 ml of cold
deionized water.

In a boiling water bath the above solu-

tion was rapidly brought to 60° and kept at a constant temperature of 60° for another ten minutes.

The solution was

then cooled in ice water for thirty minutes and centrifuged
at 6,000 x g for twenty minutes at o0

•

The resulting super-

natant solution (75 ml), containing the isomerase and epimerase but no transketolase, was stored at a -20° until
used (56).

The activity of ribose phosphate isomerase and

xylulose phosphate epimerase at the time of preparation was
87.6 units/ml with 6.02 units/mg of protein.
Assay Method of Ribose Phosphate Isomerase
and Xylulose Phosphate Epimerase
To a silica cuvette, the following reagents were added:
0.05 ml of 0.5 M glycylglycine buffer, pH 7.3; 0.05 ml of
0.003 M NADH; 0.05 ml of 0.06 M MgC1 2 ; 0.05 ml of an
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apotransketolase solution containing 1.17 units; 0.05 ml of
oC-GDH/TIM (0.4 mg/ml); 0.05 ml of 0.002 M TDP; 0.05 ml of
a ribose phosphate isomerase and xylulose phosphate epimerase containing about 0.04 unit; and 0.60 ml of deionized
water.

This mixture was incubated at 37° for two minutes

after which the absorbance at 340 mu of the mixture was
measured for two minutes (no change).

The reactions were

then started by adding 0.05 ml of 0.05 M ribose-5-phosphate,
and a decrease of the absorbance at 340 mu followed on a
graphic recorder for five minutes.
Enzyme Unit
In this dissertation one unit of enzyme is defined
as that amount of enzyme which catalyzes the conversion of
one umole of substrate to product per minute under conditions of the assay.

This is related to NADH

absorption

assuming an absorption coefficient of 6.22 absorption units
per umole at 340 mu.

Specific activity is defined as units

of enzyme activity per mg protein.
Protein concentration was determined by the colorimetric procedure of Gornall et al. (106\

A Factor of 32

mg per ten ml of reaction mixture per unit absorbance at
540 mu (one cm light path) was used as an average biuret
value (107).
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Preparation of Pentose Phosphate
Equilibrium Mixture
In the presence

of ribose phosphate isomerase and

xylulose phosphate epimerase, an equilibrium mixture of
ribose-5-phosphate, ribulose-5-phosphate, and xylulose-5phosphate is formed.

To 3.13 mmoles of D-ribose-5-phosphate,

disodium salt were added 14.79 ml of deionized water and 3.3
ml of ribose phosphate and xylulose phosphate epimerase
(31 units/ml) in 0.37 ml of 0.5 M glycylglycine buffer, pH
7.3 and incubated at 40° for thirty minutes.

The reaction

was then stopped, both by cooling to o0 in a salt-ice bath
and by adding 2.78 ml of 50% trichloroacetic acid.

Preci-

pitate was removed by centrifugation at 10,000 x g for five
minutes at 0°.

The supernatant solution was brought to pH

6 with 0.8 ml of 10 M NaOH, 4.65 ml of 1 M barium acetate
was added, and the precipitated barium sulfate was removed
by centrifugation as above.

Four volumes of 95% ethanol

were added to the supernatant solution and the precipitate
was allowed to flocculate at 0° for two hours.

The preci-

pitate was collected by centrifugation at 8,000 x g for
twenty minutes at o0

,

washed once with 100 ml of 95% ethanol

at 0° and centrifugated as above.

The barium salts of the

pentose phosphates were stored over P 2o in a vacuum
5
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desiccator which was placed in the cold room until use.
For use, 0.20 g of the barium salts was dissolved in 2.77
ml of 0.1 M HCl.

The barium ion was removed by adding 0.36

ml of 1 M ammonium sulfate, followed by centrifugation at
10,000 x g for five minutes at 0°.

Another 0.14 ml of 1 M

ammonium sulfate was added to the supernatant solution and
centrifuged as above.

If no precipitate was formed by add-

ing an additional 0.05 ml of 1 M ammonium sulfate, the supernatant solution was then neutralized to pH 6.8 with 0.30
ml of 1 M NaOH (56, 57).

The solution can be stored at -20

0

for up to two days.
Assay of the Pentose Phosphates
The equilibrium mixture of the pentose phosphates
was assayed in the same way as the assay for the ribose
phosphate isomerase and xylulose phosphate epimerase, except for using 0.3 unit of apotransketolase and 0.06 to
0.09 umole of the equilibrium mixture instead of 1.17 unit
of apotransketolase and 2.5 umoles of ribose-5-phosphate,
respectively.
Preparation of Apotransketolase
from Brewer's Yeast
Apotransketolase was prepared from brewer's yeast by
modifications of the methods used by De la Haba et al. (108),
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Srere et al. (109), and Johnson and Gubler (57).

Three

hundred grams of finely ground brewer's yeast powder were
incubated with 900 ml of 0.066 M Na 2HP0 4 for three hours

at 40° with occasional stirring.

The extract was cooled

at room temperature for thirty minutes and centrifuged at
13,000 x g for thirty minutes.

The supernatant solution

was passed through several layers of cheese cloth and
brought to pH 6.5 with 10 M NaOH.

One half volume of ace-

tone at -2° was added to the above solution (548 ml) at
-2° in a salt-ice bath.

After centrifugation at 13,000

x g for twenty minutes at -2

0

the precipitate was discarded

and another 0.5 volume of acetone (-2) was added to the
0

supernatant solution.

This time the precipitate was col-

lected by centrifugation as above and dissolved in 100 ml
of cold deionized water.

The resulting solution was pour-

ed into three presoaked dialyzing bags and dialyzed for
twelve hours in the cold room against 25 volumes of deionized water.

After four hours the dialyzing medium was

changed once with cold deionized water.

After dialysis

the supernatant solution obtained by centrifugation as above was divided into several portions and then incubated
at 55° in a water bath for fifteen minutes.

It was cooled

i n ice-water and centrifuged at 23,000 x g for twenty
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minutes at 0°.

The supernatant solution (178 ml) was cooled

in a -12° alcohol bath, and 0.2 volume of 95% ethanol at -5°
was added dropwise with continuous stirring, while the temp.
.
d at - 5° .
erature was maintaine

A very small amount of dark

brown precipitate was collected by centrifugation at 8,000
x g for twenty minutes at -4°.

The supernatant solution was

reextracted with another 0.7 volume of 95% ethanol (-5°) in
a -12

0

alcohol bath by adding the ethanol dropwise with con-

tinuous stirring.

The resulting light brown precipitate was

collected as above.

The combined precipitates were suspend-

ed in 16 ml of deionized water with mechanical stirring for
ten minutes at room temperature.

The volume of supernatant

solution obtained by centrifugation at 10,000 x g for ten
minutes at room temperature was 21.7 ml, and its protein
content was

1.465 g.

About 40 g of DEAE-cellulose was sus-

pended by stirring mechanically in one liter of 0.005 M potassium phosphate buffer, pH 7.7.

It was allowed to settle

for fifteen minutes, and the cloudy supernatant solution was
decanted and discarded.

To the sedimented cellulose an addi-

tional 500 ml of the buffer was added with stirring.

The

heavier material was allowed to settle for fifteen minutes
and the fines decanted.

The process was repeated until, on

standing, the supernatant solution became essentially free
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of fine particles.

The suspension was poured into columns

(inside diameter= three cm, fitted at the bottom with a
plug of glass wool overlaid with an one cm layer of sea
sand), allowed to settle under flow conditions induced by
gravity (column height= five and one-half cm), and finally
overlaid by another layer of sea sand.

Each column was

equilibrated with 500 ml of 0.005 M potassium phosphate
buffer, pH 7.7, in the cold room.

These columns were load-

ed with the above extracted solution (from the alcohol precipitation step).

The enzyme was eluted with 50 ml of 0.005

M phosphate buffer, pH 7.7.

Fourteen 5 ml fractions per

column were collected and assayed for enzyme activity.

The

highest enzyme activity was located in the last five to six
tubes.

The fractions (total volume of 80 ml at 0°) contain-

the most enzyme activity were combined, the pH was adjusted
to 7.6 with 10 M KOH, and 23.2 g of ammonium sulfate added.
An additional 11.96 g of ammonium sulfate was added to the
supernatant solution (92 ml) obtained by centrifugation at
16,000 x g for twenty minutes at 0° at room temperature,
and the mixture was allowed to stand for several hours.

The

precipitate collected by centrifugation at 16,000 x g for
twenty minutes at 22° was dissolved in one ml of deionized
water.

A saturated ammonium sulfate-concentrated ammonium
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hydroxide mixture 1 at pH 7.8 was added to the above solution until a cloudiness developed.

The suspension was re-

frigerated to allow the enzyme to crystallize.

This puri-

fied apotransketolase was used for the assays of standard
and tissue TDP.
In the assay no absorbance change occurred at 340 mu
if 0.3 unit of apotransketolase was assayed without adding
TDP.

Also no absorbance change at 340 mu was observed when

0.3 unit of apotransketolase was assayed with ATP and thiamin or without ATP and thiamin.

These findings indicated

that this brewer's yeast apotransketolase preparation contained no TDP and no thiamin pyrophosphokinase activity.
The transketolase activity in the presence of excess TDP
was 1154.4 units/ml and 94.9 units/mg protein, with a total
of 2020.2 units.
Assay of Transketolase
The assay is based on the oxidation of NADH, which is
followed at 340 mu.

To silica cuvette with a one cm

light path, the following reagents were added:

0.05 ml

1concentrated ammonium hydroxide was added to saturated ammonium sulfate until the pH was 7.8 as determined
with a pH meter on a 1:50 dilution of the saturated solution at room temperature.
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of 0.5 M glycylglycine buffer, pH 7.3; 0.05 ml of 0.003
M NADH; 0.05 ml of 0.06 M MgC1 2 ; 0.05 ml of an apotransketolase solution containing 6 units/ml; 0.05 ml of
.(-GDH/TIM (0.4 mg/ml); 0.05 ml of 0.002 M TDP; and 0.65
ml of deionized water.

The mixture was incubated at 37°

for two minutes, and the absorbance at 340 mu was followed
for two minutes (no change).

The reaction was started by

adding 0.05 ml of the pentose phosphate equilibrium mixture (57, 108).

Before each assay the cuvettes were thor-

oughly rinsed with 1 M NaOH, followed by 1 M HCl and deionized water to prevent TDP contamination by adsorption
on the glass.

With the 0.02 unit of apotransketolase the

rate of reaction was not proportional to the amount of the
enzyme added.

However, within the 0.06 to 0.30 unit range

of apotransketolase the
to the amount of the

rate of reaction was proportional

enzyme added.

absorbance at 340 mu was shown

The maximal change in

by adding 0.30 unit of the

enzyme to the assay system (Table 2).

The reactions (6-8)

involved in the assay are as follows:
Ribose-5-P + Xylulose-5-P

Apotransketolase
TDP

Sedoheptulose-7-P + Glyceraldehyde-3-P

-

(6)
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TABLE 2
RELATIONSHIP BETWEEN THE RATE OF TRANSKETOLASE
REACTION AND THE AMOUNT OF PURIFIED BREWER'S
YEAST APOTRANSKETOLASE ADDED
Unit of Apotransketolasea
Added to the Assay Mixtureb
0.02

0.004

0.06

0.018

0.18

0.054

0.30

0.100

0.36

0.101

aone unit of the enzyme is that amount of the enzyme
which catalyzes the conversion of one umole of substrate
to product per minute under conditions of the assay.
bTo a silica cuvette the following reagents were
added: 0.05 ml of 0.5 M glycylglycine buffer, pH 7.3;
0.05 ml of 0.003 M NADH; 0.05 ml of 0.06 M MgCl2; 0.05
ml of an apotransketolase solution containing 6 units/ml;
0.05 ml of c:,(-GDH/TIM (0.4 mg/ml); 0.05 ml of 0.002 M TDP;
and 0.65 ml of deionized water. The mixture was incubated
at 37° for two minutes and the absorbance at 340 mu was
followed for two minutes (no change). The reaction was
then started with the addition of 0.05 ml of the pentose
phosphate equilibrium mixture and the A340 mu followed.
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Glyceraldehyde-3-P

TIM

Dihydroxyacetone-P

(7)

Dihydroxyacetone-P

oc.-GDH

Glycerol-P

(8)

NADH

Assay for Thiamin Pyrophosphokinase Activity
in the Purified Brewer's Yeast Transketolase
To a silica cuvette with a one cm light path, the
following reagents were added: 0.05 ml of 0.5 M glycylglycine buffer, pH 7.3; 0.05 ml of 0.003 M NADH; 0.05 ml
of 0.06 M MgC1 2 ; 0.05 ml of a purified apotransketolase
solution containing 0.3 unit and with and without 0.05 ml
of 0.001 M thiamin and 0.05 ml of 0.2 M ATP.
was incubated at 37° for one hour.

The mixture

Then 0.05 ml of

o<-

GDH/TIM (0.4 mg/ml) and deionized water were added to make
the volume 0.95 ml.

The absorbance at 340 mu was deter-

mined for two minutes (no change), and then 0.05 ml of the
pentose phosphate equilibrium mixture was added to start
the transketolase reaction.

The absorbance change at 340

mu was followed at 37 .
0

Purification of Thiamin Diphosphate
During storage at -20° some TDP is hydrolyzed to TMP
and Pi.

Hence commercially available TDP separated from

contaminating TMP by Bio-Rex 70 cation exchange resin
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chromatography as described below.

The resin was prepared

by the method of Sharma and Quastel (110).

This prepara-

tion consists of a series of washings with deionized water,
acetone, 40% NaOH, 3M HCl, and finally deionized water.
A 0.1 ml portion of 0.04 M TDP was then applied to a column (0.2 sq. cm x 4 cm).

TDP was eluted with three ml of

deionized water (first 0.5 ml fraction discarded), while
TMP was held on the column.

The concentration of TDP solu-

tions was determined spectrophotometrically at 25

o

from the

molar extinction coefficient of thiamin at 267 mu on an
aliquot which was diluted with 0.02 M sodium phosphate buffer, pH 7.0.

The molar extinction coefficient of thiamin

1
under the above conditions is 8,550 (M- 1cm- ) according to
Wittorf (111).
The purity of the TDP was checked by paper electrophoresis using 0.05 M acetate buffer, pH 5.4 by the method
of Siliprandi and Siliprandi (112).
carried out at room temperature.

Electrophoresis was

After 16 milliampere

current had been applied for three and one-half hours, the
paper strips were dried at room temperature, analyzed by
ultraviolet light and sprayed with a mixture of 95% ethanol,
10% NaOH and 2.5% potassium ferricyanide (40:20:1) to convert the TDP to fluorescent thiochrome.

Only one band
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corresponding to TDP appeared after the purification, while
a second band, corresponding to TMP, was also observed under ultraviolet light before chroatography, as shown in
Fig. 1.
Assay of Thiamin Diphosphate
The assay was carried out by a modification of the
method used by Datta and Racker (113).

In a two ml silica

cuvette with an one cm light path, 0.05 ml of 0.5 M glycylglycine buffer, pH 7.3; 0.05 ml of 0.003 M NADH; 0.05 ml
of 0.06 M MgCl2; 0.05 ml of apotransketolase (6 units/ml);
and 10-50 uumoles of TDP were incubated at 37° for one hour.
After the incubation, 0.05 ml of

o(-GDH/TIM (0.4 mg/ml) and

0.65 ml of deionized water at 37° were added.

The absor-

bance at 340 mu was then followed for two minutes, but no
change was observed.

The transketolase reaction was initi-

ated by adding 0.05 ml of the pentose phosphate equilibrium
mixture.

The absorbance was recorded for five minutes.

The

absorbance change per minute at 37° was calculated from the
change between two and five minutes and plotted against the
quantity of TDP in uumoles per one ml of assay mixture to
obtain a standard curve.

This curve was used for the deter-

mination of TDP level in tissue extracts (Fig. 2).
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Fig. 1.--Paper electrophoresis of commercially available thiamin diphosphate
before (a) and after (b) the purification by chromatography on Bio-Rex 70 cation
exchange resin. Electrophoresis was carried out at room temperature for 3.5 hours
with 0.05 M sodium acetate buffer, pH 5.4, at 16 milliampere.
1. Thiamin monophosphate
2. Thiamin diphosphate
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Fig. 2.--Standard curve for thiamin diphosphate
To a silica cuvette the following reagents were added: 0.05
ml of 0.5 M glycylglycine buffer, pH 7.3; 0.05 ml of 0.003 M
NADH; 0.05 ml of 0.06 M MgCl2; 0.05 ml of apotransketolase
(6 units/ml); and 10-50 uumoles of TDP were incubated at 37°
for one hour. After the incubation, 0.05 ml of ~-GDH/TIM
(0.4 mg/ml) and 0.65 ml of deionized water at 37° were added
and the absorbance at 340 mu was followed for 2 minutes (no
change). The reaction was then started with the addition of
0.05 ml of the pentose phosphate equilibrium mixture and
A340 mu followed for 5 minutes.
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Animals
Male Sprague-Dawley strain rats weighing 155-190 g
were used in the experiments.

Unless otherwise indicated,

the animals were maintained on Purina rat chow and water
ad libitum and were housed in individual cages with wiremesh screen bottoms.

The animals were treated differently

for one to three days as described below.
groups were composed of pair-fed rats.

The control

At the end of the

experimental periods, animals were taken immediately from
their respective experimental situation and sacrificed,
along with the control animals, by anesthesia with ethyl
ether.

The tissues were quickly removed, weighed and

stored in small plastic vials at -20°.
Treatments
Noise Group.-Three or four rats for sound stimulation
were housed together in a round cage which was built with
wire-screen except at the top.

The rats were placed in

a well insulated wooden sound box with air ventilation
(Fig. 3) in which a buzzer sound was applied for 54 or 60
seconds during each 93 second interval for a total period
of one to three days.

The buzzer was turned off for 30
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Fig. 3.--Sound box
1. Adaptahorn
2. Fan driven by motor
3. Small hole
4. Sound insulating material
5. Glass window in double layers
6. Lid

45cm
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minutes every day for cleaning and supplementing with
food and water.
104

±

3 decibels.

The intensity of the sound emitted was
The control rats were kept individual-

ly in a silent room.
Emotional Stress Group.-Each animal was wrapped
(114) in a fine wire-netting and bound with wire which
prevented practically all movements.

The rats were sub-

jected to 15 hours per day of emotional stress.

Except

during this period, the animals were kept in individual
cages and allowed food and water ad libitum.

The control

group was kept in individual cages throughout the same period of time.
Swimming Group.- The animals were subjected to swimming until exhaustion in water (25 ± 1°) every day in
groups of five or more to avoid the effortless floating.
The exhaustion was indicated by submersion for ten seconds.
At the end of the swimming period the rats were allowed to
rest.

During the swirrnning exercise, the control rats were

deprived of food.
Paradoxical Sleep-deprived Group.-The rats were placed
on small platforms in a water tank (Fig. 4) for 23 hours a
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for paradoxical sleep deprivation
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43

day.

The platform consisted of a stainless steel bar

whose diameter was 6.4 cm.

The water tank was a plastic

basket 26 cm in diameter at the bottom and 45 cm deep.
The water depth was nine cm, which brought it to within
one cm of the top of the platform.
to prevent the rat from escaping.

The basket was covered
The animals were main-

tained in this experimental situation for one to three
days.

The rats were able to rest on the islands and were

even able to get non-REM sleep, but at the onset of paradoxical sleep, with its following muscular relaxation,
they would either fall into the water and climb back to
their platform or would get their noses wet enough to awaken them.

By this method (115, 116) the animals were

deprived almost completely of paradoxical and perhaps to
some extent of slow-wave sleep.

Experimental animals were

removed and placed in cages for 30 minute feeding and
watering periods twice a day during which they were kept
awake.
Tissue TDP and Total Thiamin Preparation
The preparation of the tissue samples for assay was
based on the method used by Nakamura and Katsura (117).
Frozen tissues were thawed, weighed, sliced into small
pieces, and added to cold 0.3 M perchloric acid in a ratio
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of ten volumes per g wet tissue.

The samples were then

homogenized for five minutes in an all-glass PotterElvehjem motor-driven homogenizer with a teflon pestle,
which was kept immersed in an ice bath.

In case of liver

a ten ml aliquot of the homogenate was centrifuged as described below.

The homogenate was centrifuged in a Servall

automatic refrigerated centrifuge at 5,900 x g for ten minutes at 0°.

The supernatant solution was neutralized with

cold 30% KOH to pH 6.2-7.0.

The precipitated potassium

perchlorate was allowed to settle at o0 for 30 minutes,
removed by centrifugation as above, and discarded.

Eight-

tenths ml aliquot of the liver extract diluted with 1.2
ml of deionized water and two ml aliquot of the brain extract were brought to pH 3.5 by addition of 0.01 ml of 0.1
M HCl and stored at -20° until use.

A 0.05 ml aliquot of

the diluted tissue extract was used for the determination
of TDP level in tissues.
brain extract or

To another one ml aliquot of the

another 0.4 ml of the liver extract plus

0.6 ml of deionized water, was added five ml of 1% Takadiastase solution in 2 M acetate buffer, pH 4.5.

After

incubation at 54-55° for three to four hours, the mixture
was cooled in the cold room and the precipitate removed by
centrifugation as above.

One ml aliquot of the supernatant
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solution was used for the determination of the total thiamin level in tissues as described below.
Fluorometric Determination of Total
Thiamin in Tissues
The thiochrome reaction is based on the observation
by Barger et al. (118) that oxidation with alkaline ferricyanide converts thiamin into a compound with intense blue
fluorescence (thiochrome).

Myint and Houser (119) adapted

this reaction for the quantitative determination of thiamin
in blood.

The oxidation with ferricyanide in alkaline sol-

ution was carried out on the tissue extracts prepared as
described above.

The thiochrome formed was extracted with

isobutanol and the fluorescence of the extract and standard
thiamin measured as shown in Table 3.
Thiamin standard:

ten mg of thiamin hydrochloride

(dried in a desiccator over P20 5 for 24 hours) was dissolved

in 20% (V/V) ethanol, containing 0.1 ml of concentrated HCl,
diluted to 100 ml (pH

3.5) and stored at -20° until use.

A fresh thiamin hydrochloride standard solution of one ug/ml
was prepared by diluting 0.1 ml of this stock solution (100
ug/ml) to ten ml with 0.1 N HCl.

Total thiamin in mumole/g

wet tissue is calculated as follows:
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TABLE 3
FLUOROMETRIC DETERMINATION OF TOTAL THIAMIN

Reagent Added

Brain
Extract

Standard
Thiamin

Liver
Extract

Sample Blank Sample Blank Sample Blank

Deionized
water in ml

1.0

1.5

1.0

1.5

1.9

2.0

Tissue extract
in ml

1.0

1.0

1.0

1.0

. .

. .

. .

. .

. .

. .

0.1

..

3.0

. .

3.0

. .

3.0

3.0

..

2.5

. .

2.5

. .

. .

Standard thiamin
(1 ug/ml) in ml
Mixture of 2.5 ml
30% NaOH & 0.5 ml
0.2% K3Fe(CN) 6
in ml
30% NaOH in ml

Shake the mixture for 50 seconds
3% H2o2 in ml

Isobutanol in ml

0.1

0.1

0.1

0.1

0.1

0.1

10.0

10.0

10.0

10.0

10.0

10.0

Shake the mixture for one and one-half minutes and
centrifuge the mixture at 121 x g for one minute. Pipette
off isobutanol layer and read fluorescence in the Turner 111
fluorometer with filter No. 7-60 (peak at 360 mu) as primary
filter with No. 2A (passes longer than 415 mu) and No. 47B
(peak at 436 mu) as the secondary filters.
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sample reading - sample blank reading
standard reading - standard blank reading
X
X

o.l ug thiamin
dilution factor
g wet tissue

X

1 umole thiamin
337.3 ug thiamin

X

10 3 mumole
1 umole thiamin

= thiamin in mumole
g wet tissue

Enzymatic Determination of TDP
in Tissues
The method for tissue TDP determination was the same
as that for standard TDP determination except that 0.05 ml
of tissue extracts were added instead of 10-50 uumoles of
standard TDP.

The absorbance change per minute of the tis-

sue extracts observed at 340 mu was converted to uumoles of
TDP using the standard curve.

Calculation of TDP level in

mumole per g wet tissue is carried out as follows:
uumoles of TDP/ml assay mixture
0.05 ml tissue extract
X

dilution factor
g wet tissue

X

10-3 mumole TDP
uumole TDP

= mumole/g wet tissue

EXPERIMENTAL RESULTS AND DISCUSSION
Ribose Phosphate Isomerase and
Xylulose Phosphate Epimerase
The enzyme preparation obtained by Johnson (56) contained 12 units/ml, 1.9 units/mg and a total of 780 units
of ribose phosphate isomerase and xylulose phosphate epimerase activity after 15 months of repeated freezing and
thawing.

The values obtained in the present study were

about seven, three, and eight times, respectively, of those
described above.

The high enzyme activity obtained here re-

sulted partly from removal of the larger blood vessels to
concentrate the enzymes when the acetone powder was prepared from beef spleens.

In the present study the enzyme

was assayed at the time of preparation instead of 15 months
later.

This may partly explain the higher activity.

Pentose Phosphate Equilibrium
Mixture
A non-active, brown, and gummy substance was obtained
when the pentose phosphate equilibrium mixture was prepared
the first time, using the above enzyme mixture in an excess
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amount.

This difficulty was solved partly by using a smal-

ler amount of the enzymes and by removal of contaminating
materials from the enzymes by means of high speed centrifugation.

Unless the barium ion was completely removed,

the assay mixture became turbid with the addition of the
pentose phosphate equilibrium mixture for the initiation
of the transketolase reaction.

The removal of the barium

ion was successively carried out with two to three consecutive centrifugations as the mixed barium salts were converted to the ammonium salts.

The pentose phosphate equili-

brium mixture in the form of their ammonium salts could be
stored for a couple of days at -20°.

There was, however,

detectable loss of the pentose phosphates after three days
of such storage.

This finding is different from the re-

port of Johnson (56), who did not find detectable loss for
two to three weeks.
Apotransketolase Prepared from
Brewer's Yeast
The activity of purified brewer's yeast apotransketolase obtained in this work is higher than that reported by
Johnson (56), whose data are as follows:
31.4 units/mg, and a total of 92.8 units.

116.0 units/ml,
The corresponding
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values obtained in this work are 1154.4 units/ml, 94.9
units/mg protein, and a total of 2020.2 units, respectively.

Therefore, these values are about ten, three, and

twenty-two times, respectively, those obtained by him.

The

high total activity of the present enzyme preparation as
compared with that shown above (56) might have been obtained partially by avoiding overload of the single DEAEcellulose column with protein and by some changes made in
packing the columns.

Another problem in the purification of

apotransketolase encountered by him was contamination with
thiamin pyrophosphokinase in many of his preparations.

In

this study there was no similar difficulty observed and no
high residual transketolase activity (without added TDP)
found.
TDP Standard Curve and Tissue
TDP Assay
In order to obtain an accurate TDP standard curve,
possible hydrolysis of standard TDP solutions and loss of
the pentose phosphates in the arrnnonium salts upon storage
at -20° should be considered, in addition to other factors.
The tissue TDP assay used here was a modification of the
method developed by Datta and Racker (113) for the standard
TDP assay.

No one has utilized this enzymatic method so far
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for tissue samples.

The modified method worked well for

tissue extracts as well as for the pure TDP assay.

In

the present study the whole liver was homogenized and an
aliquot of the homogenate used for the extraction.

This

may circumvent possible sectional difference in TDP and
total thiamin content of liver.
Tissue TDP and Total Thiamin
Levels in Normal Rats
For comparison of the tissue thiamin levels in the
present study with those from previous reports (12, 86-90)
as shown in Table 1, the values for tissue TDP and total
thiamin obtained with the control rats (for the noise
treated group) were converted to ug/g of wet tissue as follows:

2.95 of total thiamin and 2.39 TDP in normal control

brain; 8.83 of total thiamin and 7.38 TDP in normal control
liver.

The values are in good agreement with those of Rindi

and Giuseppe (Table 1) (12).

They measured the TDP content

fluorometrically after chromatographic separation.

This

finding supports the validity of the enzymatic determination
of the TDP content in tissues which was used in the present
study.
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Various Treatments
Welch (120) recently explained the physiological
effects of audible sound as follows:
"If noise causes annoyance or other emotional reactions, the function of every system in the body is affected
to some degree. Moreover, animals are physiologically responsive to sound even in their sleep and, indeed, even
after their cerebral hemispheres have been removed . . . . . . .
With repeated exposure to sound, the organism may
'learn', both behaviorally and physiologically, to partly
'ignore' and, hence, to reduce the intensity of its response to sound. However, this does not mean that it does
not respond, or that the response that it does make is unimportant. With different chronic levels of audiostimulation, different degrees of sonic influence are exerted by
the brain upon peripheral physiological functions, and different levels of basal function are maintained. The most
profound physiological effects are produced when individuals
who are accustomed to low levels of sound are startled by
unexpected noise. Since in many physiological systems disturbances are dampened only very gradually, the physiological effects of startle may persist for a considerable period of time after the startling event occurs."
In this work the short and acute effect of loud noise
instead of a chronic effect was considered.

The increase

in body weights of the animal exposed to loud noise was 87%
of that of the controls, except for the two day treated
group (Table 4).

This is consistent with the report by

Kato (17) who observed a smaller weight increase for the
first week, compared with the controls.

The exposure to

TABLE 4
CHANGES IN THE BODY WEIGHT AND THE ADRENAL GLAND WEIGHT
BY EXPOSURE TO LOUD NOISE
Average
Body Weight
in g

Mean
Weight Gain
in g

Adrenal Weight in mg
per 100 g Body Weightb

Days of
Treatmenta

No.
Rats

0

20

178.2

+

5.5

18.9 + 0.74

1

10

174.0

+

4.8

18.7 + 1.03

2

10

183.4

+ 16 .5

15.6 + 0.59

3

10

193.5

+ 14.4

22.0 + 0.65

a Rats were exposed to loud noise consecutively for 24 hours daily and
fed ad libitum.
b Values are given as mean+ standard error.

Significance
Level (p)

..

. . . .
<0. 005

.-0. 005

V1

L,.l
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loud noise under the present experimental conditions may
give the animals enough stress to affect their appetite.
Hence, the noise-treated animals gained less body weights
as compared with the intact controls.

No change in the

weight of adrenals occurred after one day of noise treatment, but a significant increase was observed after three
day treatments as compared with the intact controls <Table
4).

The activation of the adrenal cortex by stress causes

an increase in adrenal weights and, hence, the increased
production of the corticoid hormones.

After two days un-

der the experimental conditions, decrease of the adrenal
weight was observed.

This decrease was attributed to a

greater gain in the body weight during this period which
is difficult to explain.
TDP and total thiamin levels in brain (Table 5) were
not changed at all by one to three day exposure to loud
noise, compared with the control animals.
both TDP (p

< 0.05)

Unlike brain,

and total thiamin levels (p

< 0.005)

in

the liver were significantly decreased after one day treatment as shown in Table 5.

On the other hand, after two and

three day treatments, the liver TDP and total thiamin contents did not show any significant change at all.

The find-

ings of Perri and Ventura (15, 16) and Inden (18) in rat

TABLE 5
EFFECT OF LOUD NOISE ON TOTAL THIAMIN AND TDP IN TISSUES
Days of
Treatmenta

No.
Rats

TDP in mumoles
per g Wet Tissueb

Total Thiamin in mumoles
per g Wet Tissueb

% TDP
in Tissue

Brain
0
1
2
3

12
7
7
10

7.07
6.55
7.30
7.65

± 0.345
± 0.107
± 0.301
± 0.329

8.74
8.43
8.99
9.29

80.89
77.70
81.20
82.35

± 0.532

± 0.535
± 0.776
± 0.665

Liver
0
1
2
3

12
7
7
10

21.88 ± 0.432
19.98 ± 1.119c
21.31 ::1::. 0.791
21.19 ::1::. 0.702

26.18
19.49
29.71
27.66

±
±
±
±

1.614d
0.437
0.478
1.480

83.58
102.51
71.73
76.61

a Rats were exposed to loud noise consecutively for 24 hours daily and
fed ad libitum.
b Values are given as mean± standard error.
c Value is significantly different (p<0.05) from value of control animals.
d Value is significantly different (p<0.005) from value of control animals.

\J1
\J1
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brain are consistent with the values reported here.

On

the other hand, Koyanagi et al. (13, 14) showed that brain
total thiamin in mouse and rat was markedly decreased after
three hour exposure to loud noise.

Kato (17) also reported

a similar marked decrease in total thiamin and its phosphate
esters in rat brain after two and five day acoustic stimulation (eight hours daily) and in liver after two and fourteen day acoustic treatments.

Inden (18) confirmed the re-

sults obtained in liver by Kato after two day acoustic treatment.

In liver the data obtained in the present work are in

good agreement with the results reported by Kato (17) and
Inden (18).

The reason for the early decrease observed in

this study may be due primarily to the longer exposure time
(24 hours daily), compared with their eight hour per day
exposure time (17, 18).
The tendency of brain to retain its TDP content more
tenaciously than other tissues during thiamin-deficiency
was first noticed by Ochoa and Peters (58).

--

Salcedo et al.

(70) observed that the total thiamin level of rat brain on

a thiamin-deficient diet was sustained at a constant level
(up to 15 days) until the point of minimal urinary excretion
was reached.

Unlike brain, the total thiamin contents in

liver, heart, and kidney fell simultaneously with the decrease in urinary thiamin.

57
In other words, brain thiamin levels showed a tenrency to decrease only when the total thiamin level in liver was decreased to less than 1/3 of its original level
in thiamin deficiency.

The reason that the brain is able

to maintain the TDP and thiamin content at a constant level
for a considerable period, even in thiamin deficiency, is
presently not known.

Considering that the brain thiamin

level may be controlled by the liver levels, a decrease in
liver total thiamin to only 75% of the control level after
one day such exposure would not lead one to expect any
change in brain total thiamin and TDP in the present work.
The loudness and total exposure time are similar in
Kata's experiment (eight hours daily for up to five days),
Inden's work (eight hours daily for up to two days), and the
present study (24 hours daily for up to three days).

Inden

(18) could not show any difference in brain thiamin level
under the same experimental conditions as used by Kato (17).
However, one noticeable difference in these three studies
is the thiamin content in the diet.

It is as follows:

43.2 ug thiamin/day (Kato; 9.5 ug thiamin/g diet, fed ad
libitum (Inden); 16.55 ug thiamin/g diet, fed ad libitum
(the present work).

This difference might explain Kato's
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result in brain, even though other possibilities have not
been completely ruled out.
Exposure of intact rats to emotional stress for 15
hours daily resulted in a marked loss of body weight after
two and three consecutive

exposures as compared with the

respective pair-fed control animals (Table 6).

The degree

of loss in the body weights was more severe in proportion
to the frequencies of exposure to the stress.

In the pair-

fed control rats the body weights during the same experimental periods were decreased less than those in the treated
animals.

This finding indicates that the decrease of the

body weights under the conditions of stress may not be caused only by the lower rate of the utilization of the ingested
food due to emotional stress.
A significant increase in the weight of adrenals was
also observed during the experimental periods, as compared
with the respective pair-fed control rats (Table 6).

How-

ever, the adrenal weight of the pair-fed control animals in
the two day exposed group was lower than those of the other
two controls.

This may be due to smaller body weight as

shown in Table 6.

The increase in the adrenal weights is

proportional to the exposure time to the stress condition.

TABLE 6
CHANGES IN THE BODY WEIGHT AND THE ADRENAL GLAND WEIGHT
BY EXPOSURE TO EMOTIONAL STRESS
Treated Ratsa

Pair-fed Control Rats
Days of
Treatment

No.
Rats

Average
Body
Weight
in g

Mean
Weight
Gain
in g

Adrenal Weight
in mg per 100 g
Body Weightb

No.
Rats

Average
Body
Weight
in g

Mean
Weight
Gain
in g

Adrenal Weight
in mg per 100 g
Body Weightb
u,

1

5

161.2

- 18.6

22.9 ± 1.71

10

161.2

- 18.2

24.8 ± 1.07

2

5

149.2

-

6.6

18.7 ± 1.34

10

144.9

- 22.7

23.1 ± 0.75 C

3

5

163.4

- 11.4

23.3 ± 0.75

10

143.6

- 35.2

30.3 ± 1.37

a Rats were wrapped and bound which prevented practically all movements for 15
hours daily .
b Values are given as mean± standard error.
c Value is significantly different (p<0.005) from value of control animals.

I.O

C

60
The findings are in good aggrement with the observation of
Golikov and Popova (93).

They also observed that the in-

crease in the adrenal weights did not correlate with the
corticosterone secretion.

Thus, it was presently diffi-

cult to explain functionally the change in the adrenal
weights.
Despite the above changes, emotional stress did not
bring about any significant change in TDP and total thiamin contents of brain and liver, after one to three day
treatment, compared with the corresponding pair-fed controls (Table 7) •

From Le finding of Salcedo et al. ( 70),

as mentioned above, it would not be reasonable to expect
a change in brain TDP and total thiamin contents since the
corresponding changes in liver were not demonstrated.

Al-

though rats were quite severly stressed after two and three
consecutive exposures to emotional stress, as indicated by
the marked decrease in the body weight and the significant
increase in the adrenal weights, no significant effect on
the distribution of liver TDP and total thiamin was observed.
As mentioned in the literature review, Gurtner (21)
found that TDP and TTP was dephosphorylated to TMP and free
thiamin after in vitro electrical stimulation of a rat peripheral nerve,

A similar pattern of the dephosphorylation

TABLE 7
EFFECT OF EMOTIONAL STRESS ON TOTAL THIAMIN AND TDP IN TISSUES

--

Pair-fed Control Rats
TDP
in
mu.moles
Days of No.
Treatment Rats per g Wet
Tissueb

Total Thiarnin
in mu.moles pe£
g Wet Tissue

Treated Ratsa
TDP
% TDP No. in rnurnoles
in
Rats per g Wet
Tissue
Tissueb

Total Thiarnin
in mumoles per
g Wet Tissueb

% TDP

in
Tissue

Brain
1
2
3

5
5
5

8.69+0.333
7.12±0.519
6.85±0.430

10.04+1.249
8.58±0.394
9.14±0.334

86.55
82.98
74.95

Q'\

10
7
7

8.19+0.427
6.68±0.408
6.95±0.422

10.61±0.779
8.47±0.437
8.66±0.625

77.19
78.87
80.25

10 19.21±0.760
7 21.26±1.395
7 20.16±0.713

27.85¼.2.996
32.23±2.039
35.23±0.855

68.98
65.96
57.22

Liver
1
2
3

5 18.33±0.609
5 22.98±1.619
5 19.95±1.114

20.73±4.191
30.89±1.877
36.01±1.138

88.42
74.39
55.40

a Rats were wrapped and bound which prevented practically all movements for 15
hours daily.
b Values are given as mean± standard error.

I-'
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of the thiamin compounds was also observed by Itokawa and
Cooper (22) when a rat sciatic nerve was perfused in a medium containing various neuroactive drugs such as acetylcholine, tetrodotoxin, and so on, respectively.

When in the

above in vitro experiments TDP and TTP were once dephosphorylated into TMP and free thiamin, the rephosphorylation could
not occur due to the lack of the necessary enzyme system.
On the other hand,

the rephosphorylation of TMP and free

thiamin produced by the dephosphorylation can occur in the
in vivo experiment as performed in this study because of the
presence of all of the supporting system.

However, the

present experiments cannot exclude a possibility that longterm emotional stress might not cause changes in those levels of brain and liver.
By the method used in this study the animals were de-

prived almost completely of paradoxical sleep and perhaps
to some extent of slow-wave sleep (115,116).

Paradoxical

sleep deprivation produces certain neurochemical changes.
The cumulative effects of these changes may be responsible
for the neurophysiological and behavioral changes observed
in animals which were selectively deprived of paradoxical
sleep (121).

All of the rats in this group lost more weight

than the respective pair-fed controls (Table 8).

After two

TABLE 8
CHANGES IN THE BODY WEIGHT AND THE ADRENAL GLAND WEIGHT
BY PARADOXICAL SLEEP DEPRIVATION
Treated Ratsa

Pair-fed Control Rats
Days of
Treatment

No.
Rats

Average
Body
Weight
in g

Mean
Weight
Gain
in g

Adrenal Weight
in mg per 100 g
Body Weightb

No.
Rats

Average
Body
Weight
in g

Mean
Weight
Gain
in g

Adrenal Weight
in mg per 100 g
Body Weightb

1

5

151.0

- 11.8

19.9 ± 1.87

10

151. 9

- 21.7

22.4 ± 0.89

2

5

147.0

- 14.4

20.3 ± 2.71

10

148.0

- 33 .4

27.0 ± 0.91c

3

5

162.6

-

17.9 ± 0.67

10

140.4

- 35.0

7.2

24.6 ± 0.75 d

a Rats were deprived of paradoxical sleep for 23 hours daily and fed for 30
minutes twice daily.
b Values are given as mean± standard error.
c Value is significantly different (p.N0.005) from value of control animals.
d Value is significantly different (p(0.0005) from value of control animals.

0\
L,.)
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to three days of paradoxical sleep deprivation, the more
severe decreases in body weight were observed.

A marked

loss of body weight as a consequence of one to three days
of paradoxical sleep deprivation indicates that this change
was induced by other than plain starvation, possibly by
paradoxical sleep deprivation as compared with the corresponding control groups.
Significant increases in the adrenal weight (Table 8)
after two to three day paradoxical sleep deprivations correspond with the observation of Mark et al. (101).

The

adrenal weight of the pair-fed control rats in the three
day treated group was smaller than those of the other two
pair-fed control groups.

This may be explained partly by

a greater body weight observed in the three day group.
Selective paradoxical sleep deprivation of one to
three days did not cause any change in TDP or total thiamin
of liver or brain, as compared with the respective pair-fed
control rats (Table 9).

A marked increase of urinary thia-

min in humans during 72 to 126 hour total sleep deprivation
has been reported (122).

This would indicate a release of

thiamin from human tissues by this treatment.

In spite of

the observed marked loss of the body weight and the observed
significant changes in the adrenal weight, the two to three

TABLE 9
EFFECT OF PARADOXICAL SLEEP DEPRIVATION ON
TOTAL THIAMIN AND TDP IN TISSUES
Pair-fed Control Rats

TDP
in mumoles
No. per g Wet
Days of
T1_·eatment Rats
Tissue

Total Thiamin
in mumoles per
g Wet Tissueb

1
2
3

5
5
5

7.61+0.325
7 .5o+o .550
6.8o+0.187

8.55+0.528
7. 75+0 .413
8. 33+0 .565

1
2
3

5 22.16+1.052
5 24.75+1.022
5 21.26+1.322

28.2o+3.212
28.03+1.319
26.2o+l.270

Treated Ratsa

TDP
% TDP
in mumoles
in
No. per g Wet
Tissue Rats
Tissueb
Brain

Total Thiamin
in mumoles per
g Wet Tissueb

% TDP

in
Tissue

89.01
96.77
81.63

10
7
7

7. 70i.O. 222
7.7o+0.313
7 .19+0. 317

8. 74+0 .435
8.15+0.387
8.43+0.458

88.10
94.48
85.29

78.58
88.30
81.15

10 23.32+0.502
7 2 3 • 7 4+ 1 . 35 8
7 2 3 . 9 4+ 1 . 13 7

29.23+2.676
26.15+1.895
28.03+2.825

79.78
90.78
85.41

Liver

aRats were deprived of paradoxical sleep for 23 hours daily and fed for 30 minutes
twice daily.
bValues are given as mean+ standard error.

(j\
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days of paradoxical sleep deprivation in the present study
may not be long enough to affect the distribution of tissue thiamin in rats.

Hence, there is still a possibility

that long-term deprivation may cause an effect on the contents of tissue thiamin in rats, considering the observation in humans (122) and the marked aggressiveness and
agitation of rats observed during a six to ten day paradoxical sleep deprivation period (123).
Although animals were severely stressed after the two
to three swimming experiments as shown by a marked loss of
body weight and an increase in adrenal weight (Table 10),
changes in the distribution of brain and liver thiamin were
not observed (Table 11).

This result is consistent with

the findings that have shown no thiamin change in brain (19)
and in liver (103) after three to four hour swimming.

On

the other hand, Nikonova (19) found that three hours of swimming at 28-30° caused a drop in the phosphorylated thiamin
content of rat liver with an unchanged free thiamin content.

This decrease might be induced partly by effects of

temperature (124, 125) employed by him and starvation.
There is, however, evidence (103) that long-term swimming
exercise (four hours daily for ten consecutive days) causes
a decrease of thiamin content in rat liver.

TABLE 10
CHANGES IN THE BODY WEIGHT AND THE ADRENAL GLAND WEIGHT
BY SWIMMING
Treated Ratsa

Pair-fed Control Rats
Days of
Treatment

No.
Rats

Average
Body
Weight
in g

Mean
Weight
Gain
in g

Adrenal Weight
in mg per lOObg
Body Weight

No.
Rats

Average
Body
Weight
in g

Mean
Weight
Gain
in g

1

5

153.0

- 11.4

19.6 ± 0.14

12

159.7

-

2

5

175.8

-

16.0 ± 0.80

10

168.0

- 10.7

3

5

164.2

+ 3.2

18.2

12

161.0

1.0

-:1:.

1.79

-

4.8

5.1

Adrenal Weight
in mg peir 100 g
Body Weightb
20.1 ± 0.63
20.6 ± 0.72c
23.0 ± 0.72 d

a Rats were swum to exhaustion daily at 25 ± 1°
b Values are given as mean± standard error.
c Value is significantly different (p<0.005) from value of control animals.
d Value is significantly different (~.005) from value of control animals.

Q'\
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TABLE 11
EFFECT OF SWIMMING ON TOTAL THIAMIN AND TDP IN TISSUES
Treated Ratsa

Pair-fed Control Rats
TDP
Days of No. in mu.moles
Treatment Rats per g Wefi
Tissue

TDP
Total Thiamin
% TDP No. in mumoles
in mu.moles pe
in
Rats per g Wet
g Wet Tissue 6 Tissue
Tissue

Total Thiamin
in mumoles per
g Wet Tissueb

% TDP

in
Tissue

Brain
1
2
3

5
5
5

7. 39±0 .515
6.61±0.350
6.45±0.308

11.14±1.011
9.34±0.313
9.78±0.598

66.34
70.77
65.95

(j\

00

10
7
7

7.62±0.372
6.54±0.446
6 .51±0 .193

11 . 4 6±0 . 5 8 9
10.08±0.299
9.52±0.303

66.49
64.88
68.38

10 22. 00±1. 026
7 18.99+0.577
7 18.10±0.625

38. 85±2 .554
42. 34±1. 515
32. 41:i:.l. 289

56.63
44.85
55.85

Liver
1
2
3

5 19.73±1.101
5 19.98±1.236
5 18.93±1.377

35.91±3.816
38.61±1.329
32.86±2.619

54.94
51.75
57.61

a Rats were swum to exhaustion daily at 25 ± 1°.
b Values are given as mean± standard error.

SUMMARY

Studies by others have shown that certain types of
stress lead to a shift from active thiamin diphosphate to
the inactive forms, thiamin monophosphate and free thiamin.
This work was undertaken to check this possibility.

The

study was carried out on rats.
Tissue thiamin diphosphate levels were assayed enzymatically utilizing purified brewer's yeast apotransketolase.

With this assay ten uurnoles of thiamin diphosphate

could be detected.

The contents of total thiamin in tis-

sues were determined fluorometrically utilizing the thiochrome reaction.
For one to three days rats were exposed to loud noise
and emotional stress, deprived of paradoxical sleep, and
forced to swim to exhaustion, respectively.

The body weight

was, more or less, normally increased by the loud noise
treatments.

The other treatments tried in this study caused

a marked decrease of the body weight at the end of the respective experimental periods.

Following two to three such

consecutive treatments, the adrenal weight also showed a
significant increase.

As a consequence of one day exposure
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to loud noise, there was a significant decrease observed
in both thiamin diphosphate and total thiamin contents of
liver.

However, the other treatments tried in this work

did not have any significant effect on thiamin diphosphate
and total thiamin contents of brain and liver.
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THE EFFECTS OF VARIOUS TREATMENTS ON THIAMIN DIPHOSPHATE
AND TOTAL THIAMIN LEVELS OF RAT TISSUES
Dong Hwa Park
Department of Chemistry
Ph.D. Degree, August 1970
ABSTRACT
Tissue thiamin diphosphate was assayed enzymatically
utilizing purified brewer's yeast apotransketolase. With
this assay ten uumoles of thiamin diphosphate could be detected. Total thiamin was fluorometrically measured.
For one to three days rats were placed under conditions of stress, consisting of loud noise treatment, emotional stress, deprivation of paradoxical sleep, and swimming to exhaustion, respectively. The body weight was
markedly decreased at the end of the respective experimental
periods except with the loud noise treated group, compared
with the corresponding controls. Following two to three
such consecutive treatments, the adrenal weight also showed
a significant increase. Thiamin diphosphate and total thiamin in liver was significantly decreased after one day's
exposure to loud noise. On the other hand, thiamin diphosphate and total thiamin in brain and liver were not significantly affected by the other treatments tried in this
study .
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